The effects of spectral shape on two photon fluorescence excitation are investigated experimentally using an acousto-optic pulse shaper to modify femtosecond pulses from a Ti:sapphire laser. By using different spectral window shapes, we find that the measured two photon efficiency can vary by a factor of 2 for differently shaped spectra with the same full width at half maximum. We find that these effects are described well by a simple model assuming transform-limited pulses. The fact that even small changes in the spectral wings can significantly affect the efficiency of nonlinear processes has implications for biological multiphoton imaging, where it may be desirable to minimize sample exposure to radiation and maximize fluorescence or harmonic efficiency. © 1999 
INTRODUCTION
To date, the primary laser variables in multiphoton microscopy used to optimize efficiency have been wavelength, average power, and peak power. [1] [2] [3] In this article we introduce a fourth parameter-the pulse shape. The temporal structure of the electric field which drives the multiphoton process depends on both the spectral amplitude and the phase. The spectral amplitude distribution, i.e., the power spectrum, determines the distribution of frequencies that make up the pulse, and the shortest, most intense pulse is obtained when these frequencies are all in phase and arrive at the same time. Both the spectral phase and the amplitude in the frequency domain determine, via Fourier transformation, the peak intensity and duration of the pulse in the time domain. 4 An exact knowledge of these properties is crucial for estimating quantities like excitation cross sections and damage thresholds. Because the pulse shape is usually assumed to be a simple analytical form, such as a Gaussian or hyperbolic secant squared (sech 2 ), this means that the stated peak power, and consequently the intensity at focus, has been based on certain assumptions. Thus, knowledge of the actual pulse shape is not only useful for maximizing the efficiency of the excitation, but is also necessary for an exact description of the fields generated at the focus. This will be critical in determining the optimal conditions for useful imaging and minimal biological damage.
A simple example using analytical shapes can be used to illustrate the importance of pulse shape. The time-bandwidth product of a pulse, defined as the full width at half maximum (FWHM) of the intensity profile of the pulse in the time domain (⌬), multiplied by the FWHM of its intensity profile in the frequency domain (i.e., the FWHM of the power spectrum, ⌬) provides an indication of how the spectral content translates into the time domain. Consider the difference between a Gaussian pulse and a sech 2 pulse shape which have timebandwidth products (⌬⌬) of 0.44 and 0.32, respectively. This belongs to an important class of pulse shapes, because self-mode-locked Ti:sapphire lasers, which are the most common lasers used in multiphoton microscopy, normally produce a timebandwidth product that varies over this range. If we consider the case where the FWHM of the power spectrum, ⌬, is identical for the two pulse shapes, we find that the Gaussian pulse shape produces a pulse that is 1.375 times longer (FWHM) in the time domain than the equivalent sech 2 pulse. If
The present address of Christopher J. Bardeen is Box 20-6, CLSL, Department of Chemistry, University of Illinois, 600 S. Mathews Ave., Urbana, IL 61801. The present address of Vladislav V. Yakovlev is Department of Physics,both pulses have the same total energy, then the peak intensity of the sech 2 pulse is greater and the probability of two photon absorption (2PA) increases proportionately, i.e., we expect the sech 2 pulse to generate a signal which is roughly 1.375 times stronger in two photon processes like second harmonic generation (SHG) and two photon absorption (2PA). The effect in third harmonic generation 5, 6 or three photon absorption 7, 8 is even more dramatic-the shorter sech 2 pulse should enhance the signal by almost a factor of 2. The difference between a Gaussian and a sech 2 spectrum with the same ⌬ lies mainly in the low amplitude wings and may not be readily apparent to the casual observer. This example illustrates how relatively small changes in the frequency domain can lead to significant effects in the time domain and in the yields of multiphoton processes driven by these short pulses.
It is worth noting that this information is also useful for designing a multiphoton laser system. 9 For example, recently available mode-locked fiber laser systems inherently work in the soliton regime, and thus tend to produce pulses with time bandwidth products on the order of 0.32. Thus this type of laser source should result in more efficient multiphoton imaging. Even if the spectrum from the laser itself is fixed, the optics in the system may affect the laser spectrum seen by the sample. For instance, if the passive optical components used in many fluorescence imaging experiments have limited bandwidths, they can act as spectral filters and may affect the pulse shape at the experiment.
Since experimental laser spectra rarely achieve ideal Gaussian or sech 2 profiles, it is worth exploring experimentally the effect of spectral shape on the efficiency of the 2PA process. Femtosecond pulse shaping has been used previously to optimize both second harmonic generation 10, 11 and one photon fluorescence. 12 In the present work, we use a femtosecond pulse shaping apparatus 12, 13 to controllably modify the spectral amplitude of femtosecond Ti:sapphire pulses and then use these shaped pulses to excite two photon fluorescence from dye molecules in solution or to generate second harmonic in a nonlinear crystal. In both cases, we vary both the bandwidth and the detailed spectral shape. We find that both processes are quite sensitive to the detailed shape of the spectrum, especially to the presence of low-amplitude wings. A simple model, based on assuming an instantaneous, frequency-independent nonlinearity, gives good agreement with the experimental data. The implications of this work are that the details of the temporal profile of the pulse, as deduced from the Fourier transform of its frequency spectrum, do not get washed out in a real 2PA experiment and can change the measured two photon efficiency (2PE), defined as the fluorescence output divided by the square of the pulse energy, by a factor of 2 or more.
This clearly illustrates that simplistic assumptions of Gaussian or sech 2 pulse shapes are insufficient to determine the maximum achievable 2PE of a given laser system, and that the detailed spectral shape must be taken into account.
EXPERIMENT
To produce the input pulses for the pulse shaper, the output of a Ti:sapphire oscillator travels through a grating stretcher and then seeds a regenerative amplifier operating at a 1 kHz repetition rate. A birefringent filter in the amplifier cavity provides a wavelength-dependent loss which prevents the gain narrowing usually associated with regenerative amplification.
14 This pulse is further amplified in a two pass postamplifier before passing through a grating compressor. The input laser pulse spectrum typically has a bandwidth of 800 cm −1 and a duration of about 45 fs, limited by residual cubic phase distortion. Our pulse shaper, shown in Figure 1 , is based on the design of Warren and co-workers 13 using an acousto-optic modulator (AOM). Briefly, the input beam, 1 cm in diameter, is dispersed in frequency by a 1200 line/mm grating and focused onto a TeO 2 acousto-optic crystal using a 0.5 m focal length spherical mirror. In the crystal, the optical wave is mixed with an acoustic wave generated by a radio-frequency (rf) pulse coupled into the crystal by a transducer. We use high power (1.5 W peak power) rf pulses in order to improve the diffraction efficiency of the AOM. The acoustooptic effect results in a diffracted optical wave proportional to the product of the two incident waves. The diffracted beam is recollimated and reassembled in frequency by a second spherical mirror and the grating. An external grating pair is used to compensate for the large linear chirp introduced by the diffraction of the AOM. Using a large diameter beam and limiting the amount of AO modulation help to minimize the temporal walkoff effects inherent in these spectral pulse shaping schemes, 15, 16 and we do not observe any spatial distortion in the shaped beam profile. 
EFFECT OF PULSE SHAPE
In the AOM pulse shaping method, the rf wave form, V rf (t rf ), is converted to a traveling acoustic wave in the modulator. For small optical bandwidths, the laser pulse is linearly dispersed in frequency at the modulator and thus different time slices of the rf wave form modulate different frequency components of the input laser pulse, E opt in ( opt ), according to the relation
By changing the shape of the rf window in the AOM, we change the shape of the diffracted spectrum. The rf windows used in these experiments consist of square, Gaussian, sech, exponential, and stretched exponential. The exact functional forms are
2/͓exp͑t/ se ͒ϩexp͑ Ϫt/ se ͔͒ ͑sech͒,
exp͑Ϫͱt/ st ͒ ͑ stretched exponential͒. (6) Note that the sech rf window results in a sech 2 intensity profile in the optical spectrum. If the input pulse had a perfectly flat and infinite spectrum, these windows would transfer their shape directly onto the optical spectrum. Instead, the output spectral amplitude is more complicated and does not have a simple functional form since the input spectrum has a nonideal shape. Figure 2 shows the measured power spectra resulting from using a series of sech rf windows with varying widths. We do not in general create a perfect sech 2 spectral intensity profile due to inhomogeneities in the input pulse spectrum and also due to nonlinear acoustic pulse propagation which distorts the rf pulse in the AOM. For the sake of brevity, we will refer to a pulse that has been windowed by a square rf wave form as a ''square pulse,'' even though the optical spectrum is not truly square. Nevertheless, the different rf windows do result in qualitatively different output pulse spectra, especially in the wings, and these differences will serve to illustrate the main points of this article.
The two photon experiments themselves are done in a solution of rhodamine 610 and methanol with a concentration of approximately 10 Ϫ4 molar. The maximum pulse energy, with full spectrum, is about 100 nJ and the 5 mm diam beam is focused using a 38 mm focal length lens into a cuvette containing the dye solution. Assuming a Gaussian beam profile and diffraction limited focusing, these parameters would result in a maximum intensity in the sample of roughly 10 12 W/cm 2 . No nonlinear effects such as self-focusing or continuum generation were observed. The fluorescence is collected at an angle of 90°to the exciting beam by a photomultiplier tube equipped with a glass filter to reject scattered 800 nm photons. A fraction of the exciting beam is split off and monitored using a reference photodiode, so that the fluorescence and pulse energy are measured simultaneously. The exciting beam is chopped at a frequency of 211 Hz to enable the use of lock-in detection. The second harmonic measurements are done in a similar manner, except that a 20 cm lens focuses the beam onto a 100 m thick potassium dihydrogen phosphate (KDP) crystal and the second harmonic is detected collinearly.
In order to simplify our analysis, we try to compensate for the spectral phase as well as possible. By using an external grating compressor we compress the full diffracted spectrum, i.e., the width of the rf window is set equal to the width of the rf crystal, and the output pulse is measured using noncollinear autocorrelation in a thin KDP crystal. The measured autocorrelation width is 88 fs, while the width of the autocorrelation calculated from the transform limit of the measured spectrum is 55 fs, which corresponds to an intensity FWHM of 43 fs for this spectrum. Thus the full spectrum is roughly a factor of 1.5 off the transform limit. This phase distortion is relatively small and its effect on the narrower shaped spectra we analyze should be even smaller.
RESULTS
The power dependence of the fluorescence due to the 2PA was measured for several different pulse shapes and was found to depend on the square of the pulse energy in all cases. Thus we can define the 2PE as the fluorescence signal divided by the square of the pulse energy, normalizing out any fluctuations in power. Figure 3 shows the 2PE as a function of the FWHM of the measured power spectrum for several different pulse shapes. The ordinate is plotted in nanometers to facilitate comparison with easily measurable experimental quantities, and within this wavelength range ⌬ is proportional to ⌬ to within 2%. The differences between pulse shapes is dramatic: from bandwidths of 3 to about 15 nm, a stretched exponential spectrum is almost three times as efficient as a square spectrum of the same FWHM. As expected from the discussion in Sec. 1, the difference between a sech 2 and a Gaussian spectrum is significant, even though the measured spectra look almost identical. Figure 4 shows representative Gaussian and sech 2 shaped spectra whose FWHMs are approximately 16 nm. The slight differences in the wings translate into a 12% difference in the 2PE, as can be seen in Figure 3 . After FWHMs of about 15 nm, we begin to run out of the input spectrum and the efficiency of the stretched exponential pulse begins to level off. This is because the stretched exponential has the largest wings, and their extent is limited by the input bandwidth to the pulse shaper.
The other pulse shapes do not level off as quickly because they have smaller wings and at 15 nm FWHM they have not yet run into the limits of the input pulse spectrum. Also, for the narrowest spectral widths, the stretched exponential shows nonlinear behavior, most likely due to distortions of the shaped rf pulse in the acoustic crystal. Very similar curves are obtained for the efficiency of second harmonic generation, but those curves are not shown here. Finally, we note that, in both cases, the efficiency increases linearly with the FWHM in the sub-15 nm range, as expected for a two photon process.
We can analyze the effect of spectral shape on 2PE in more detail by considering the three representative spectra shown in Figure 5 (a). These three spectra correspond to a FWHM of just over 6 nm and are the results of square, sech, and stretched exponential windows. Again, it is clear that none of the spectra is a true replica of the rf wave form, but they all possess important characteristics of those ideal spectra, especially in the shape of the wings. By assuming that the pulses are transform limited (i.e., there is no phase structure or chirp) and by Fourier transforming the square root of the power spectrum, we obtain E(t). Taking the absolute value squared of this E(t) results in I(t), the calculated intensity profile. These are shown in Figure  5 (b), normalized so that the integrated pulse energy is the same for all three shapes. The autocorrelation functions derived from these calculated I(t)'s reproduce the general shape and FWHM of the experimentally measured autocorrelations to within a few percent. We see that spectral wings in the frequency domain lead to an enhancement of the peak intensity in the time domain. Since any nonresonant multiphoton process depends nonlinearly on the pulse intensity, even a small enhancement can lead to large effects in the yield of the multiphoton process.
Although from the simple arguments presented in Sec. 1 we expect the relative 2PE of a pair of Fig. 3 The two photon fluorescence yield, defined as the fluorescence signal divided by the laser pulse energy squared, for five rf window shapes: square (ࡗ), Gaussian (᭺), sech (), exponential (ᮀ), and stretched exponential (᭡). Note that the curves begin to converge at large FWHM values due to the limited extent of the input spectrum. pulses to vary roughly as the ratio of their time durations, it is a simple matter to calculate the efficiencies explicitly. We make the simplifying assumptions that the absorption process is truly instantaneous and is independent of the wavelength, at least over our limited wavelength range. In this case, the total amount of 2PA (and thus fluorescence) is directly proportional to ͐ Ϫϱ ϱ I(t) 2 dt. The total pulse energy is proportional to ͐ Ϫϱ ϱ I(t)dt. Since the 2PE is defined as the fluorescence signal divided by the square of the pulse energy, we find that
Using the calculated I(t) in Figure 5 (b), we can calculate the expected 2PE's and compare them with the experimentally measured values. Since Eq. (7) is not unitless and the absolute values of the two photon cross sections, spot size, etc. are not measured, we must scale the calculated yields by a constant value so they lie in the same range as the experimental values. The important point is that the calculated and experimental results shown in Figure 6 agree quite well, despite the assumptions inherent in our simple calculation of the 2PE. If anything, the calculation slightly underestimates the enhancement of the 2PE as we go from a square pulse to a stretched exponential. There are several possible reasons for this, the most likely being that an acoustic wave with sharp edges, like a square pulse, has a wider range of acoustic frequency components than a sech pulse of comparable FWHM. Thus the square acoustic wave will experience more distortion as it travels through the AO crystal and this could result in some phase distortion (chirp) on the shaped pulse. It is possible that the square pulse not only suffers from a lack of spectral wings in the optical domain, but also may no longer be transform limited, which further decreases its peak intensity and thus its 2PE. Nevertheless, the simple calculation reproduces the variation in 2PE with respect to pulse shape almost quantitatively to within the experimental error, which is on the order of 5%. This very good agreement suggests that the contribution of any nonidealities, like residual chirp or distorted rf wave forms, is small. The fact that the spectral shape effect persists despite various nonidealities in the shaping and compression indicates that it is an experimentally robust variable.
DISCUSSION/CONCLUSION
It is widely recognized that to enhance the efficiency of a multiphoton process without resonant intermediate states, it is desirable to increase the average squared intensity at the sample. In general for a light field, ⌬⌬ϭconstant, where the constant depends on the details of the spectral shape. Given a specific spectral shape, one obvious way to shorten the pulse duration ⌬ and increase the intensity is to increase ⌬. Another method is to modify the spectral shape such that the constant (and thus ⌬) becomes smaller. In this article we have emphasized that, even if the measured spectral FWHMs (⌬) are identical, adding a little amplitude in the spectral wings can change the pulse shape and result in significant 2PE enhancement. Small changes in the spectral shape, especially in the low amplitude wings, that are not taken into account by the crude measure of the FWHM, can have significant effects on the peak intensity and thus the 2PE. Such subtle changes in the spectral amplitude, such as that shown in Figure 4 , can be introduced both by laser fluctuations and by passive optical elements like band pass filters. Equally important (although not emphasized in the present work) is the phase structure or chirp of the pulse spectrum. 4 It is not sufficient to have a spectrally broad pulse-those spectral components must have the same phase. By adding spectral amplitude and removing spectral phase structure (chirp), we can make a pulse in which all the frequency components arrive simultaneously at the sample, resulting in the highest possible peak intensity and the most efficient multiphoton process. Other work in this group has shown how phase compensation of ultrashort, broad bandwidth pulses in microscope systems may be accomplished. 17 We have recently developed multiple techniques which allow complete characterization of the temporal intensity and phase of the field at the focus of high numerical aperture systems. 18 Thus, a pulse shape need no longer be assumed, and an accurate measure of the intensity and phase profiles is now possible. Consequently, for the first time, we can realistically consider the effects of the pulse amplitude and phase on the imaging process. Fig. 5 . The measured yields correspond to the measured power spectra in Fig. 5(a) , while the calculated yields are derived from the intensity profiles in Fig. 5(b) and the equations in the text.
